Transfection of cDNA for a hepatocyte canalicular phosphoprotein, the rat liver canalicular bile acid transporter/ectoATPase/cell CAM 105, confers bile acid efflux and ecto-ATPase activities on COS cells (1, 2) and aggregating activity on Sf9 insect cells (3). Recent studies using site-directed and deletion mutagenesis have led to the elucidation of some of the structural characteristics that determine the basis of these functional activities. For instance, deletion of the cytoplasmic tail is associated with abrogation of bile acid efflux and ecto-ATPase activities (1). Site-directed mutagenesis within an ectoplasmic ATPase consensus sequence, R98A, shows that this sequence is necessary for ecto-ATPase activity but is not involved in bile acid efflux activity (2). Site-directed mutagenesis within the cytoplasmic tail shows that phosphorylation of serine 503 is required for bile acid efflux activity, that phosphorylation of tyrosine 488 regulates bile acid efflux activity but phosphorylation is not necessary for ecto-ATPase activity (4).
Transfection of cDNA for a hepatocyte canalicular phosphoprotein, the rat liver canalicular bile acid transporter/ectoATPase/cell CAM 105, confers bile acid efflux and ecto-ATPase activities on COS cells (1, 2) and aggregating activity on Sf9 insect cells (3) . Recent studies using site-directed and deletion mutagenesis have led to the elucidation of some of the structural characteristics that determine the basis of these functional activities. For instance, deletion of the cytoplasmic tail is associated with abrogation of bile acid efflux and ecto-ATPase activities (1) . Site-directed mutagenesis within an ectoplasmic ATPase consensus sequence, R98A, shows that this sequence is necessary for ecto-ATPase activity but is not involved in bile acid efflux activity (2) . Site-directed mutagenesis within the cytoplasmic tail shows that phosphorylation of serine 503 is required for bile acid efflux activity, that phosphorylation of tyrosine 488 regulates bile acid efflux activity but phosphorylation is not necessary for ecto-ATPase activity (4) .
In a recent study by Cheung et al. (5) , the structural basis of the cell aggregating properties of CBATP 1 has been examined. Deletion mutants of CBATP were expressed in Sf9 insect cells because such cells do not ordinarily aggregate and because the cells can be relatively easily infected using baculovirus-derived expression vectors. The results showed that deletion of the first Ig(V)-like domain within the amino-terminal extracellular tail of CBATP resulted in loss of cell aggregating activity. Cell aggregating activity remained intact when any one of the three internal Ig-like domains in the extracellular tail of CBATP was deleted. These results were entirely consistent with results of deletional studies of carcinoembryonic antigen (CEA), a molecule which shares a number of structural characteristics with CBATP. Deletion of the amino-terminal Ig(V)-like domain of CEA abrogates its intracellular adhesion properties (6) . In fact, this deletion has been shown to prevent the homophilic interaction between CEA molecules on opposing cell surfaces. Having recently shown that an ATPase consensus sequence within the amino-terminal IgV-like domain of CBATP was responsible for its ecto-ATPase activity and noting that this consensus sequence is conserved in the amino-terminal domain of CEA, we examined in this current study the possibility that this ATPase activity is specifically involved in the cell-aggregating properties of CBATP and CEA.
obtained from Whittaker Bioproducts (Walkersville, MD). Sulfosuccinimydyl-3(4-hydroxyphenyl)propionate was obtained from Pierce Chemical Co. The DNA sequencing kit Sequenase version 1.0 was obtained from U. S. Biochemical Corp.
Plasmid Constructs-The wild type bile acid transport protein/ectoATPase/cell CAM 105 (CBATP) cDNA ligated into pCDM8 (1) was cut with XbaI and then ligated into the XbaI site of the baculovirus expression vector pVL 1393. Proper orientation was verified by restriction endonuclease digestion mapping (8, 9) .
The truncated CBATP cDNA, missing all but the first 5 amino acids of the cytoplasmic tail, was created by PCR amplification (1) . The 5Ј-sense primer was identical to that used for R98A. The 3Ј-oligonucleotide primer contained a sequence of 18 nucleotides corresponding to nucleotides 1343-1360 followed by a stop codon, a new XbaI restriction site, a spacer sequence of 6 random nucleotides in an antisense orientation (5Ј-GCGCGTTCTAGATCACCCAGTCTTCCTGGAATA-3Ј). The entire deletion mutant cDNA was digested with XbaI and ligated into the baculovirus expression vector pVL 1393. Proper orientation was verified by restriction endonuclease digestion mapping.
The mutant R98A-CBATP was derived from the same mutant previously cloned into pCDM8 (4) . This construct was digested with PstI and amplified by the PCR extension technique using a 5Ј-sense primer containing a spacer sequence, a HindIII site, followed by an XbaI site, a sequence of oligonucleotides corresponding to nucleotides Ϫ40 to Ϫ24 (5Ј-AGTGGAAAGCTTCTAGAATCTCTTCCCCAAGAGAA-3Ј) and a 3Ј-primer which corresponded to nucleotides 473-496 in an antisense orientation (5Ј-ATTAATGATACGAAGGGCTCACCC-3Ј) (10) . The resulting PCR product was then cut with HindIII and BstXI, purified on 2% preparative agarose gels, and ligated into pExp3. The full-length mutant cDNA was then cut with XbaI and ligated into the XbaI site of the baculovirus expression vector pVL 1393. Proper orientation was verified by restriction endonuclease digestion mapping.
The CEA cDNA, gcg:humcea, was provided by Dr. Thomas Barnett (7). The recombinant CEA-pVL 1393 was constructed using two CEA fragments ligated into pVL 1393 that had been digested with EcoRI and SmaI. One CEA fragment (1.5 kb) originated from the wild type pBluescript-CEA cDNA by digesting it with EcoRI and BamHI. The other CEA fragment was a 0.9-kb PCR fragment which was amplified from CEA-pBluescript with a 5Ј-primer corresponding to nucleotides 85-100 in a sense orientation (5Ј-TCATGAATTCAGAGGAGGACAGAGC-3Ј) (30 nucleotides proximal to start site) and a 3Ј-primer corresponding to nucleotides 993-1012 in an antisense orientation (5Ј-GGCACGTATAG-GATCCACTA-3Ј). This latter fragment was then cut with BamHI and SmaI. The three digests were then ligated to each other to generate pVL-1393 CEA (CEA).
The recombinant R98A-CEA-pVL 1393 was constructed using a digest of pVL 1393-CEA with BamHI and SmaI yielding a 1.5-kb CEA fragment. Next, a PCR fragment from which the R98A-CEA construct had been created 2 was digested with EcoRI and BamHI yielding a 0.9-kb fragment. These fragments were then ligated into an EcoRISmaI digested pVL 1393 vector to generate the R98A-CEA construct.
The CEA-CBATP chimera contains the entire cytoplasmic tail and transmembrane domain of CBATP and the extracellular tail of CEA. This construct was created in pVL 1393 by first generating the PCR product of CEA (see above) and digesting it with EcoRI and BamHI. Next we digested the CEA-CBATP chimera construct-pBluescript with BamHI and NotI. 2 These two fragments of 0.9 and 1.5 kb were then cloned into an EcoRI-NotI digested pVL 1393 plasmid. This recombinant yielded the pVL 1393-CEA-CBATP chimeric construct.
Finally, we generated the R98A-CEA-CBATP chimera construct. The pVL 1393 vector was digested with EcoRI and NotI. The R98A-CEApCDM8 construct was digested with EcoRI and BamHI. The CEA-CBATP chimera was digested with BamHI-NotI. These digests were then ligated into the digested pVL 1393 vector to create the R98A-CEA-CBATP chimera construct.
The site-directed mutant R98A-CEA and the CEA-CBATP chimera were generated using the PCR overlap extension technique (8) . For R98A-CEA, the 5Ј outside primer contained the sequence (5Ј-TCAT-GAATTCAGAGGAGGACAGAGC-3Ј) corresponding to nucleotides 85-100 of CEA in a sense orientation. The 3Ј outside primer contained the sequence (5Ј-GGCACGTATAGGATCCACTA-3Ј) corresponding to nucleotides 993-1012 in an antisense orientation. The inside primers corresponded to nucleotides 393-416 contained sequences in both the sense (5Ј-CGCATACAGTGGTGCAGAGATAAT-3Ј) and the antisense direction (5Ј-ATTATCTCTGCACCATATGCG-3Ј), respectively. For the CEA-CBATP chimera, the outside 5Ј-flanking primer corresponded to nucleotides 1563-1585 derived from CEA in a sense orientation (5Ј-CAGTGGCCACAGCAGGACTACAG-3Ј). The 3Ј outside flanking primer contained a sequence corresponding to nucleotides 1626 -1661 in an antisense orientation (5Ј-GAATTCTCTAGACTGGTGCAGTCAG-CAGGACAGACA-3Ј) derived from the 3Ј aspect of CBATP. The inside primers for the chimera were derived from the last 5 amino acids prior to membrane insertion from the CEA molecule and the first 5 cytosolic amino acids derived from the transmembrane domain for CBATP. These inside primers corresponded to nucleotides 2122-2136 on CEA and 1316 -1330 on CBATP in both the sense (5Ј-TGAGAGGCCAGAAT-TGACTGTGATGCTCTT-3Ј) and antisense direction, respectively (5Ј-AAGAGCATTACAGTCAATTCTGGCCTCTCA-3Ј). For each construct two primary PCR amplifications were made from the appropriate plasmid template and were designated as 5Ј PCR and 3Ј PCR product. The 5Ј PCR products were generated using the outside sense flanking primer, the mutated inside antisense primer, and the template. The 3Ј PCR products were generated using the outside 3Ј-antisense flanking primer, the mutated inside antisense primer, and the template. The final PCR reaction contained the outside sense 5Ј-flanking primer, the 3Ј antisense flanking primer, and the overlapping 5Ј PCR and 3Ј PCR products made in the previous round.
For the purposes of this paper, we have included the leader sequence of CBATP and CEA in numbering of amino acids from the amino terminus. Thus, Arg-98 is 98 amino acids from the amino terminus of the primary translation product of CBATP and CEA. Similar numbering has been used by Lin and colleagues (3, 5, 12) . Oikawa et al. (13) refer to CEA with a numbering system which does not include the leader sequence. In their system, the ATPase consenus sequence is localized at amino acids 58 -66 and the critical Arg residue is Arg-64. This consensus sequence has therefore been deleted in studies of both Oikawa et al. For all constructs, nucleotide sequence analysis (14) showed that the designated mutations had been made, and that the remaining sequence of the mutant clones was identical to the wild type. Maps of the various constructs are depicted in Figs. 1 and 9A .
Cell Culture and Transfection-Sf9 insect were co-transfected with the AcMNPV linear viral DNA in conjunction with the 1393 baculovirus transfer vector. The recombinants were then plaque purified and used for transfection into Sf9 insect cells according to the recommendations of the manufacturer (Invitrogen).
Ecto-ATPase Assay-Ecto-ATPase activity was determined by a conventional spectrophotometric assay (12) . For each assay 1 ϫ 10 7 cells were used. Total cellular protein was determined by the method of Lowry (15) . Each experiment was done three times. The results are reported as mean Ϯ 1.0 S.D.
Analytical Techniques-For Western blot analysis, cells were homogenized in phosphate-buffered saline with 1% Triton X-100, 0.5% deoxycholic acid, 10 mM EDTA, 2 mM phenylmethylsulfonyl fluoride. Cell homogenates were subjected to Western blot analysis with antibody to the purified canalicular bile acid transport protein and horseradish peroxidase anti-IgG (16) . For studies of cell surface expression, COS cells were subjected to cell surface radioiodination using the BoltonHunter method (17) . Cell lysates from metabolic labeling or cell surface labeling were then analyzed by immunoprecipitation with antibody to the purified canalicular bile acid transport protein followed by SDSpolyacrylamide gel electrophoresis/fluorography as described previously (18) .
Aggregation Assays-The method of Cheung et al. (5) was used to quantify cell aggregation. In this method, a decrease in the number of single cells in suspension culture is used as a measure of aggregation. Sf9 cells at a cell density of 2 ϫ 10 6 cells/ml were infected with recombinant or control baculovirus. The infected cells were cultured at room temperature in a 50-ml culture tube with constant mixing at 150 rpm on a New Brunswick G-2 model gyrotary shaker. In control experiments, the constant mixing did not prevent aggregation during the time permitted for expression of the target gene product. At various time intervals, cell aliquots were treated with 50 units/ml DNase I to digest DNA released during cell lysis. At the end of the experiment two aliquots of the cells were prepared. One aliquot was used to count total number of cells. In this aliquot the cells were first pipetted up and down. Therefore all adherent and non-adherent cells were dispersed into single cells yielding the total number of cells. Another equivalent aliquot was examined directly under the hemocytometer without dispersal. Single cells, but not cells in the aggregates, were then counted. The percentage of cells in aggregate was then determined by taking the total number of single cells from the "dispersed" aliquot minus the single cells from the "non-dispersed" aliquot divided by the total number of single cells from the dispersed aliquot. For each experiment 100 cells were counted. In each case, three experiments were done. The results are reported as mean Ϯ 1.0 S.D.
The effect of the anti-CBATP antibody was tested by addition of different amounts of IgG prepared from preimmune or immune sera. The IgG fraction of serum was prepared using a Bio-Rad Affi-Gel protein A column according to the manufacturer's specifications. The protein concentration of IgG was measured by the Lowry assay (15) . Varying amounts of preimmune or immune IgG were added 24 h after infection, and the percentage of cells in aggregates was determined 72 h after infection.
Heterotypic aggregation assay was performed as described previously (6). 4 ϫ 10 6 cells from monolayer cultures were resuspended in 100 l of Puck's saline containing 5% fetal bovine serum and labeled by the addition of 165 g/ml FITC and incubated for 15 min. The cells were washed and resuspended with the same number of unlabeled cells as described previously (6) . 2 h after mixing at 150 rpm on a New Brunswick G-2 model gyrotory shaker, aggregates were scored for the percentage of FITC-labeled cells in heterotypic or homotypic aggregates for each assay as described previously (6) . For each experiment 100 cells were counted. In each case, three experiments were done. The results are reported as mean Ϯ 1.0 S.D.
ATP and ADP Measurements-The concentration of ATP and ADP in the extracellular medium was measured in an Opticomp II luminometer (MGM Instruments, Hamden, CT) by the ATP luciferase assay (19) . For each experiment 2 ϫ 10 6 cells were used. In each case, three experiments were done. The results are reported as mean Ϯ 1.0 S.D.
RESULTS

Expression of Wild Type and Mutant CBATP in Sf9 Insect
Cells-CBATP consists of a transmembrane domain, a COOHterminal cytoplasmic tail, and an NH 2 -terminal extracellular tail. It had been previously shown by Cheung et al. (5) that the C-CAM1 (CBATP) requires its NH 2 -terminal domain (amino acids 38 -139) to confer aggregation properties on transfected Sf9 cell. This NH 2 -terminal domain includes a consensus ATPase sequence, GPAYSGRET from amino acids 92 to 100. Moreover, we had previously shown that a site-directed substitution within an ATPase consensus sequence (R98A) of CBATP abrogated ATP hydrolysis, but did not alter bile acid transport (2) . Based on these studies a mutant in which Arg-98 was replaced by Ala (R98A) was generated. In addition, a truncated mutant was generated in which its 66 COOH-terminal amino acids became deleted. The gene product contained the entire extracellular tail and transmembrane domain and only 5 amino acids within the cytoplasmic tail. In previous studies, we showed that this protein lacked the ability to hydrolyze extracellular ATP, and would therefore make an excellent negative control (1). These designated mutations were then verified by DNA sequencing (see Fig. 1 ) (14) .
First, we examined the expression of these mutants after infection of Sf9 insect cells (see Fig. 2 ). In Western blot analysis (left panel), using antibody to the purified bile acid transport protein, we detected equivalent amounts of an approximately 80-kDa polypeptide in Sf9 cells transfected with the wild type and mutant constructs, an approximately 70-kDa polypeptide in Sf9 cells transfected with the truncated construct, and no polypeptide in cells transfected with the control vector alone. These results showed that transfected Sf9 cells expressed the same steady concentrations of wild type and mutant polypeptides. Next, we examined whether the same polypeptides could be detected at the cell surface of transfected cells by immunoprecipitation after cell surface iodination (right panel). Approximately 80-kDa radioiodinated polypeptides were detected for the wild type and R98A mutants, a 70-kDa peptide was detected in cells transfected with the truncated construct, and no radioiodinated polypeptide was detected in cells transfected with vector alone. The ubiquitous submembranous protein, actin, was not detected by sequential immunoprecipitation with antibody to actin (data not shown). This control was used as evidence that the conditions for radioiodination only permitted labeling of proteins on the external surface of the plasma membrane. Taken together, these data show that the mutant cDNAs encode polypeptides that are immunochemically identical to the wild type protein and that these polypeptides are correctly targeted to the external surface of the plasma membrane. Moreover, the steady levels and the amount of the mutant proteins that reach the cell surface were within a similar range to that of the wild type protein. Fig. 3 we examined the ecto-ATPase activity of cells transfected with the wild type and mutant constructs. The results show that there is no detectable ecto-ATPase activity for control vector alone, for the truncated mutant, or the R98A mutant, but the wild type expresses full ecto-ATPase activity. These results show that wild type CBATP is functionally active in infected Sf9 cells and results with the R98A and truncated mutants are identical to those we have previously described in transfected COS cells (1, 2 cell surface labeling (B) . A, cells were infected with control baculovirus alone, or recombinant viruses containing truncated, mutant R98A, or wild type CBATP genes. Cells were lysed 48 h later, and the cell lysates were subjected to Western blot analysis with antibody to the purified canalicular bile acid transport protein. The relative migration of molecular mass markers is indicated at the left margin. B, cell surface labeling of infected insect cells. Infected insect cells were subjected to cell surface iodination by the Bolton-Hunter method (16) . Cells were then lysed, and cell lysates were subjected to immunoprecipitation to the antibody to CBATP. Immunoprecipitates were then analyzed by SDS-polyacrylamide gel electrophoresis followed by fluorography. Molecular mass markers are shown at the left margin. The more rapid relative electrophoretic mobility of CBATP in insect cells (ϳ70 kDa) than in COS cells (ϳ100 kDa) has been previously reported (3) and attributed to differences in post-translational modification.
Ecto-ATPase Activity and Aggregating Properties Conferred on Sf9 Insect Cells by Wild Type and Mutant CBATP Molecules-In
72 h samples were removed for microscopic analysis (Fig. 4A) . The results show that only the wild type cDNA conferred aggregation properties on Sf9 cells. Cells expressing wild type CBATP exhibited cell-cell interactions by forming large cellular aggregates.
Next, we examined the time course for aggregation of infected Sf9 cells (Fig. 4B ). Sf9 cells were infected with the control, truncated, R98A, or wild type constructs. The percentage of cells counted in aggregates was then plotted against time after infection on the horizontal axis. The results show that only cells infected with the full-length wild type protein could express significant aggregation and that the acquisition of aggregating properties was time dependent up to 3 days, after which there was no further increase in aggregating properties.
In order to ensure that the aggregating properties were truly attributable to CBATP we examined the possibility that aggregation could be inhibited with antibody to CBATP (Fig. 5 ). Cells were infected with the wild type CBATP cDNA. 24 h later the cells were incubated with preimmune IgG or anti-CBATP immune IgG in several different concentrations as shown on the horizontal axis. The results show a concentration-dependent inhibition of aggregation with anti-CBATP but no effect with preimmune IgG. The addition of immune or preimmune IgG did not alter expression of the wild type protein as assessed by Western blot analysis (data not shown). These results provide further evidence that CBATP is responsible for the aggregating properties. Taken together, these results confirm previous results of Cheung et al. (3, 5) that CBATP can confer aggregating properties on infected Sf9 insect cells and show for the first time that abrogation of ecto-ATPase activity, by a single nucleotide substitution in the ectoplasmic ATPase consensus sequence, is associated with abrogation of the cell aggregating properties.
Effect of ATP and ATP Analogs on Aggregation of Infected Sf9 Cells-The effect of ATP and several ATP analogs on aggregation of infected Sf9 cells was tested (Fig. 6A) . At 24 h after infection, ATP and several ATP analogs were added to suspension cultures of infected Sf9 cells to a final concentration of 2 mM. Cells were maintained in culture for another 48 h and then subjected to the aggregation assay. The results show that only cells infected with the wild type construct aggregated. ATP had no additional effect on aggregation but ADP, AMP, ATP-O, and AMP-PNP inhibited aggregation of cells infected with the wild type construct. The addition of these nucleotides did not reduce the extracellular concentration of ATP below a critical level (Table I) Cells-In order to determine if the ATPase activity of CBATP itself is necessary for cell aggregation or whether any ATPase activity can confer this property, we examined the effect of exogenous ATPase on aggregation of Sf9 cells (Fig. 7) . For this experiment, cells were infected with the control, mutant, and wild type recombinants. 24 h later, vehicle or dog kidney ATPase, 1 unit/ml, was added. At 72 h post-infection cell aggregation was determined and is shown on the vertical axis as % cells in aggregates. The results show that the addition of exogenous ATPase did not confer aggregating properties on cells expressing vector alone, truncated or R98A mutant transporters. As before, the cells expressing wild type CBATP are capable of aggregation. These results indicate that cell aggregation is specifically mediated by the ATPase consensus sequence of CBATP.
Aggregation Mediated by CBATP Involves a Homophilic
Interaction-In order to determine whether aggregation of infected Sf9 insect cells involves a homophilic interaction between CBATP molecules on adjacent cells or a heterophilic interaction between CBATP and an endogenous Sf9 cell protein(s), we subjected these cells to homotypic and heterotypic aggregation assays ( Fig. 8 ; Table II ). The results show that labeled CBATP transfected cells formed mixed aggregates with unlabeled CBATP transfected cells but only formed homotypic labeled aggregates with unlabeled untransfected cells providing evidence that CBATP mediates aggregation by interacting with itself. CBATP apparently does not interact with endogenous Sf9 cell protein(s). Only labeled aggregates were found when labeled CBATP transfected cells were incubated with unlabeled R98A CBATP transfected cells. This result provides further evidence that Arg-98 plays an important role in aggregation mediated by CBATP but also implies that the R98A mutation alters the capacity for another region of CBATP to interact with Arg-98 on an adjacent wild type CBATP molecule. An intermediate result was observed when labeled CBATP transfected cells were incubated with unlabeled truncated CBATP transfected cells. There were some homotypic labeled aggregates, some mixed aggregates, but no homotypic unlabeled aggregates. Apparently deletion of the cytoplasmic tail alters the presentation of Arg-98 but does not alter its recognition by another region of CBATP as much as the R98A mutation. These results are very similar to results of aggregation studies of CEA (6). CBATP is highly homologous to CEA (Fig. 9A) . Both molecules have an amino-terminal leader sequence of 34 amino acids, an immunoglobulin V-like N domain of 108 amino acids and several immunoglobulin constant-like domains in the extracellular tail. CBATP has 2 Ig C-like A domains alternating with 1 Ig C-like B domain. CEA has 3 Ig C-like A domains alternating with 3 Ig C-like B domains. There is extensive homology in the N domain (Fig. 9B) and an almost identical ATPase consensus sequence at amino acids 92-100 (7, 11, 12, 20) . Thus, we examined the role of that consensus sequence and the corresponding arginine residue in the aggre- 
Expression of Wild Type and Mutant CEA Molecules in Sf9
Insect Cells-In order to address the possibility that the ATPase consensus sequence and that Arg-98 within this consensus sequence played an important role in the cell aggregating properties of CEA we generated a wild type CEA plasmid and a mutated R98A CEA plasmid for transduction of Sf9 cells (Fig. 9A) . We also generated 2 chimeric plasmids, a CBATP-CEA and a CBATP-R98A CEA chimera (Fig. 9A) . These plasmids contained the regions of the CBATP gene that encoded its cytoplasmic tail and transmembrane regions and the regions of the CEA gene that encoded its extracellular tail, without or with site-directed mutagenesis of Arg-98. There is a high degree of homology between CBATP and CEA in the aminoterminal extracellular tail. However, CEA lacks a cytoplasmic tail. It is anchored to the plasma membrane by a phosphatidylinositol-glycan moiety (11, 20) . Our previous studies have shown that deletion of the cytoplasmic tail of CBATP is associated with loss of ecto-ATPase activity. Therefore, we predicted that wild type CEA, lacking a cytoplasmic tail, would be devoid of ecto-ATPase activity despite its ATPase consensus sequence but fusion of the cytoplasmic tail of CBATP to CEA would be associated with development of ecto-ATPase activity in cells transduced with the CBATP-CEA chimeric gene construct.
First we examined the expression of wild type mutant and chimeric CEA molecules after infection of Sf9 cells (Fig. 10) . In Western blot analysis using antibody to CEA (Fig. 10A) , we detected an ϳ150 -160-kDa polypeptide in Sf9 cells infected with the wild type CEA construct but not in cells infected with plasmid vector alone. Steady state levels of this polypeptide were similar in cells infected with wild type, mutant, and chimeric CEA constructs. Next we examined whether the same polypeptides could be detected at the plasma membrane of infected Sf9 cells by immunoprecipitation after cell surface radioiodination (Fig. 10B) . Previous studies have shown that only proteins exposed on the external surface of the plasma membrane are labeled under the conditions of the cell surface radioiodination method used here (17) . The results showed the presence of an ϳ150 -160-kDa radiolabeled polypeptide in cells infected with wild type, mutant, and chimeric CEA construct but not in cells infected with plasmid vector alone. Taken together, these results indicate that wild type, mutant, and chimeric CEA molecules are synthesized and targeted to the cell surface of infected Sf9 cells to an approximately equivalent extent.
Ecto-ATPase Activity of Sf9 Insect Cells Expressing Wild Type, Mutant, and Chimeric CEA Molecules-Next, we examined the ecto-ATPase activity of the infected Sf9 cells (Fig. 11) . There was no activity in cells infected with the plasmid vector alone. As predicted there was no activity for cells infected with wild type CEA or the mutant R98A CEA gene constructs, but activity could be detected in cells infected with the CBATP-CEA chimeric gene construct. The magnitude of the activity conferred by the chimeric construct was almost identical to that of wild type CBATP (Fig. 3) . Moreover, the ecto-ATPase activity of the chimeric molecule could be clearly attributed to its ectoplasmic ATPase consensus sequence because the activity was abrograted by site-directed mutagenesis of Arg-98 in the chimeric molecule. Thus, this data provided further evidence that the cytoplasmic tail of CBATP is essential for ecto-ATPase activity and that the ATPase activity is mediated by a consensus sequence in the amino-terminal domain of the extracellular tail. Moreover, this data showed that infection of Sf9 cells conferred functional activity of CEA molecules in a specific and selective manner.
Cell Aggregating Properties of Sf9 Cells Expressing Wild Type, Mutant, and Chimeric CEA Molecules-Next, we examined the aggregation of infected Sf9 cells in suspension (Fig.  12A) . The results showed that aggregates were formed only in Sf9 cells infected with wild type CEA and CBATP-CEA chimeric gene constructs, not in cells infected with plasmid vector alone, mutant R98A-CEA, and CBATP-R98A-CEA chimeric gene constructs. These data indicate that Arg-98 is also fundamentally important in the adhesion activity of CEA. Most important, however, these data confirm our impression from studies of CBATP that the role of Arg-98 in adhesion/aggregation is distinct from its role in ecto-ATPase activity. The most powerful evidence comes from these studies of wild type and mutant R98A CEA. Wild type CEA mediates adhesion but not ectoATPase activity of infected Sf9 cells; mutation of Arg-98 abrogates its adhesion activity; fusion of CEA to the cytoplasmic tail and membrane-spanning domain of CBATP results in both adhesion and ecto-ATPase activity both requiring Arg-98.
Aggregation mediated by CEA in infected Sf9 cells is timedependent and inhibited by anti-CEA antibody. In Fig. 12B the effect of CEA on adhesion increases up to 3 days and then reaches a plateau between 3 and 4 days almost identical to that of CBATP (Fig. 4B) . Anti-CEA IgG mediates a concentrationdependent inhibition of aggregation (Fig. 12C) . ATP analogs had a similar effect on aggregation mediated by CEA (data not shown) as they had on aggregation mediated by CBATP (Fig. 6A, above) .
Finally, we subjected Sf9 cells that had been infected with wild type, mutant, and chimeric CEA gene constructs to homotypic and heterotypic aggregation assays ( Fig. 13 ; Table III mutation only affects presentation of the N domain of CEA. The R98A mutation does not affect the capacity of the A3 domain of CEA to present itself for adhesion. In contrast, the R98A mutation of CBATP affects presentation of the N domain by CBATP and also presentation of the "A3 equivalent of CBATP" for adhesion. Truncation of the cytoplasmic tail of CBATP affects presentation of the N domain by CBATP and, to a lesser extent than the R98A mutation, also affects presentation of "the A3 equivalent of CBATP" for adhesion. This is confirmed by the mixed aggregates seen when labeled CBATP transfected cells are incubated with either unlabeled wild type CEA transfected cells or unlabeled R98A CEA transfected cells.
DISCUSSION
Using Sf9 insect cells, which do not ordinarily adhere to each other, and a baculovirus expression system to confer expression of the multifunctional protein CBATP on these cells, we have shown that the ectoplasmic ATPase consensus sequence, and specifically Arg-98, is essential for both cell adhesion activity and ecto-ATPase activity. The wild type CBATP construct conferred both ecto-ATPase activity and adhesion properties on the Sf9 cells but the R98A mutant CBATP did not confer either property on infected Sf9 cells. The truncated CBATP in which deletion of the cytoplasmic tail is associated with loss of ectoATPase activity is also unable to confer aggregating properties on infected Sf9 cells. This last result is also consistent with results published by Cheung et al. (5) showing that two short isoforms of CBATP, which have only 5 amino acids in the cytoplasmic tail, lacked aggregating properties.
Our data also show that the ectoplasmic ATPase consensus sequence and corresponding Arg residue in CEA is essential for its cell adhesion activity. Previous studies of CEA have shown that its homophilic aggregation properties are mediated by double-reciprocal interactions between the amino-terminal Ig V-like domain and internal Ig C-like domains of antiparallel CEA molecules on apposing cell surfaces (6). We were struck by the sequence at residues 92-100 within this domain, GQAYS-GRET, which is almost identical to the ATPase consensus sequence of CBATP, GPAYSGRET, and retains the arginine at residues 98 which is critical for the ecto-ATPase activity of CBATP (7, 11, 13) . This motif was part of the region deleted by Oikawa et al. (13) and Zhou et al. (6) to show that the N domain was essential for the aggregation activity of CEA and a related molecule NCA. Indeed, our studies show that site-directed mutagenesis of Arg-98 within the ATPase consensus sequence in CEA or in the CBATP-CEA chimeric molecules disrupted the cell aggregating activities conferred on infected Sf9 insect cells.
There is, however, one important difference in the mechanisms by which CBATP and CEA mediate cell adhesion. CBATP requires its cytoplasmic tail to mediate cell adhesion through the ectoplasmic Arg-98-containing domain but CEA, a glycosylphosphatidylinositol-anchored membrane, lacks a cytoplasmic tail and yet mediates cell adhesion through the corresponding ectoplasmic domain.
The comparison of CBATP and CEA in terms of both ectoATPase and adhesion activity provides clear evidence that the role of Arg-98 and the ectoplasmic ATPase consensus sequence in adhesion is not a result of its ecto-ATPase activity, i.e. the adhesion activity is distinct from the ATPase activity. First, we could not induce cell aggregation in untransfected Sf9 cells with exogenous ATP, ADP, AMP, or ATPase. Second, and most important, CEA could mediate cell adhesion through Arg-98 within the ATPase consensus sequence in the absence of ATPase activity. This makes it more likely that ATPase domain is directly involved in intercellular aggregation as the binding site for heterophilic and homophilic interactions, or by inducing a conformational change that permits heterophilic and homophilic interactions through another site in the N domain.
The results of homotypic and heterotypic assays with wild type, mutant, and chimeric CBATP and CEA molecules have at least one, if not several, implications. These studies show that CBATP can interact with itself as well as with CEA. It is relatively easy to explain the interaction of CBATP with CEA. Based on what is known about CEA (6), one would predict that the N domain of CBATP interacts with the A3 Ig C-like domain of CEA. It is more difficult to explain the interaction of CBATP with itself. The Arg-98 residue and the N domain of CBATP are required for this interaction, but it is not clear whether Arg-98 or the N domain interacts with another part of the N domain or the other Ig C-like domains in the extracellular tail of CBATP. As mentioned above, the adhesion activity of CEA involves the interaction of its N domain with its A3 Ig C-like domain (6). CBATP does not have an A3 Ig C-like domain, but does have A2, B1, and A1 Ig C-like domains. Studies of Zhou et al. (6) provide evidence that the N domain of CEA will interact with its A1 or A2 domains, albeit to a lesser extent and with weaker affinity than with its A3 domain (6) . Studies of Cheung et al. (5) show that CBATP still mediated adhesion in Sf9 cells if its A2 domain alone, B1 domain alone, or A1 domain alone were deleted. Adhesion mediated by CBATP decreased 50% if both the A2 and B1 domains were deleted and was eliminated if the A2, B1, and A1 domains were all deleted. It is, therefore, possible that the N domain of CBATP can interact with regions Insect cells were infected with control baculovirus, or recombinant viruses containing mutant R98A-CEA, CBATP-CEA chimera, or CBATP-R98A-CEA chimera. Ecto-ATPase activity was measured exactly as described under "Experimental Procedures." in all three of these Ig C-like domains. Interaction with another part of the N domain cannot be excluded as a possibility.
The current study also provides further evidence that the cytoplasmic tail of CBATP is essential for its ecto-ATPase activity and that it can confer ecto-ATPase activity on CEA. The mechanism of this effect is not known but phosphorylation of the cytoplasmic tail is not required. Previous studies of COS cells transfected with wild type CBATP and treated with staurosporine (1) and COS cells transfected with phosphorylation mutants of CBATP (4) had shown that phosphorylation was not required for ecto-ATPase activity even though it was required for another activity, bile acid efflux. Our recent studies in transfected COS cells have shown that CEA can bind [ 35 S]ATP␥S even though it cannot hydrolyze ATP. 2 The chimeric CBATP-CEA molecule can bind [
35 S]ATP␥S and hydrolyze ATP. This indicates that the cytoplasmic tail of CBATP transmits very specific information to the function of the ectoplasmic domain.
One interesting series of experimental results for which we do not yet have any substantive explanation shows that ATP analogs, ADP and AMP inhibit aggregation mediated by CBATP and CEA. Perhaps the binding of these analogs to the critical ATPase consensus sequence affects its presentation to adjacent CBATP or CEA molecules.
for aggregation of infected Sf9 cells was also determined. At each interval indicated on the horizontal axis, cells were removed to determine the percent in aggregates by the protocol described under "Experimental Procedures." C, the effects of anti-CEA antibody on aggregation of Sf9 cells. Cells were infected with recombinant baculovirus carrying the wild type CEA gene. After 24 h, the cells were incubated with preimmune IgG or anti-CEA immune IgG at several different concentrations as shown on the horizontal axis. After 48 h, cells were then assessed for their ability to aggregate. Taken together, these studies in infected Sf9 cells provide further information about the structural basis for the aggregating properties of CEA family members. Perhaps, it will now be possible to use this system to examine the relationship between the multiple activities of one member, CBATP, including aggregation, ecto-ATPase activity, and bile acid efflux activity. Our studies in mammalian cells indicate, however, that bile acid efflux activity will require high levels of expression, phosphorylation at 2 sites in the cytoplasmic tail, and the ability of the host cell to respond to extracellular ATP, presumably through a purinergic receptor. 
